Summary Several native poplar species meet at the margins of their natural distributions in southern Alberta, Canada. In this semi-arid area, poplars are obligate riparian species but they occupy several intergrading ecoregions. Populus deltoides Bartr. ex Marsh predominates in the warmest and driest eastern prairie ecoregions; P. balsamifera L. occupies the cooler and wetter western parkland and montane ecoregions; and P. angustifolia James and hybrids between the species occur in the intermediate grassland ecoregions. We investigated stomatal characteristics of these poplars in 51 genotypes collected across the range of ecoregions and grown in a semi-arid common garden. Stomatal length differed among genotypes within species but did not differ among species, ranging from 19 to 22 µm. Total stomatal densities (adaxial plus abaxial) differed among genotypes within species but were similar among species (290 -420 stomata mm -2 ). Single-surface stomatal densities differed among species and consequently, the ratio of adaxial:abaxial stomatal density also differed, ranging from 0.94 for P. deltoides to 0.27 for P. balsamifera, with intermediate stomatal density ratios in P. angustifolia and hybrids. In a subsequent study of a subset of the same genotypes, stomatal density was correlated with stomatal conductance (r 2 = 0.75) and the conductance ratios differed among species in the same manner as the stomatal density ratios. We conclude that: (1) diverse poplar genotypes respond similarly to a semi-arid environment by producing comparatively small and dense stomata; (2) differences in stomatal density underlie differences in stomatal conductance and differences among species in stomatal density ratio or conductance ratio may reflect adaptation to climatic differences among ecoregions; and (3) there is substantial variation in stomatal characteristics within and among species and hybrids in this area that could be useful for the selection and breeding of poplars adapted to different climatic conditions.
Introduction
Riparian poplars (cottonwoods) are phreatophytes that normally avoid water stress by tapping the saturated water table adjacent to streams. They are characterized by high transpiration rates and low water-use efficiencies (Blake et al. 1984) and are generally vulnerable to drought (Tyree et al. 1994 , Amlin and Rood 2003 . Climatic conditions in the native ranges of the various Populus species differ, however, and some species are better adapted to drier and warmer conditions than other species. Southern Alberta, Canada, is semi-arid, but climatic conditions vary from warmer and drier to cooler and wetter over a short distance in the transition from prairie to mountain, where several poplar species occur at the limits of their natural distributions (Farrar 1995) .
In southern Alberta, Populus deltoides Bartr. ex Marsh (prairie cottonwood) occurs at its northwestern limit, extending from warmer and drier regions to the east. Populus deltoides is present particularly in the eastern lower, warmer and drier "dry mixed grass" and "mixed grass" prairie ecoregions. Populus balsamifera L. (balsam poplar) extends from the north, where conditions are wetter and cooler. This species occurs in the higher, wetter and cooler western or northwestern foothills, parkland and montane regions, and extends into the fescue grassland ecoregion. The closely related and locally indistinguishable P. trichocarpa Torr. & Gray (black cottonwood) extends from the west, where conditions are also wetter and cooler. Populus angustifolia James (narrowleaf cottonwood) originates from the south, where conditions are warmer and slightly wetter and occurs in the intermediate grassland ecoregions. Thus, each species predominates in a different ecoregion, with species meeting and hybridizing in intermediate ecoregions (Brayshaw 1965 , Rood et al. 1986 , Floate 2004 . All are obligate riparian species in this semi-arid region.
Stomatal density and aperture and their regulation are of key interest in the study of drought-adaptation to semi-arid conditions. Stomatal characteristics, including size, distribution between leaf surfaces and index (the ratio of stomata to other epidermal cells), vary widely among poplar genotypes and species Kozlowski 1979, Ceulemans et al. 1984) and, together with stomatal response, show evidence of adaptive acclimation and heritable variation (Bassman and Zwier 1991 , Braatne et al. 1992 , Tschaplinski et al. 1994 , Sparks and Black 1999 , Dunlap and Stettler 2001 . For example, stomatal size is smaller, stomatal density is greater and stomatal control more sensitive in more xeric environments (Sparks and Black 1999, Dunlap and Stettler 2001) . In many plant species, including poplars, distribution of stomata between leaf surfaces is associated with acclimation and adaptation to light exposure, temperature and water stress (Parkhurst 1978 , Mott et al. 1982 , Smith et al. 1997 , 1998 .
We compared stomatal characteristics in southern Albertan Populus species in a common garden study made possible through previous work in which shoot cuttings were collected from diverse native poplars and propagated in a semi-arid common garden to minimize the effects of environmental differences, hence revealing the genetic component of variation (Rood et al. 1986 , Campbell et al. 1993 . We tested the hypotheses that: (1) there is genetic variation in stomatal size and distribution within and among species; (2) species show common locally adaptive traits, including small and dense stomata; and (3) some characteristics reflect the climatic ecoregions from which species and genotypes originate. We predicted stomatal characteristics typical of species adapted to more xeric conditions in P. deltoides and to more mesic conditions in P. balsamifera. To provide a link between stomatal densities and sizes and stomatal function, we also examined the relationship between stomatal density and stomatal conductance in these species.
Materials and methods

Plant materials
In 1983, a common garden was established at the University of Lethbridge (49°41′ N, 112°51′ W, 830 m a.s.l.) with cuttings collected in early spring from native poplars growing at various riparian sites in southern Alberta and southeastern British Columbia (Rood et al. 1986 ). Each genotype, represented by at least five ramets, was randomly assigned a planting position in one of five rows.
Genotypes were subsequently identified on the basis of leaf morphological characteristics (Rood et al. 1986 , Floate 2004 and assigned to one of seven categories with taxonomic treatment in accordance with Farrar (1995) . Three categories include the pure species: P. angustifolia, P. balsamifera (and the locally similar P. trichocarpa), and P. deltoides. The other four categories include hybrids, common where the species overlap: P. × acuminata Rydb. (possibly P. deltoides × P. angustifolia), P. angustifolia-dominant × P. balsamifera hybrids, P. balsamifera-dominant × P. angustifolia hybrids, and P. balsamifera-dominant × P. deltoides hybrids. Classification of intrasectional hybrids between P. angustifolia and either P. balsamifera or P. trichocarpa is difficult and somewhat arbitrary because the characteristics vary continuously among these members of the Tacamahaca section (Rood et al. 1986 , Floate 2004 .
The original collection sites differ by ecoregion (dry mixedgrass prairie to montane), longitude (3.8°, 270 km), latitude (0.5°, 58 km) and elevation (626 m) ( Table 1 ). Median summer temperatures across the ecoregions range from 11.9°C (montane) to 16.2°C (dry mixed grass) and total summer precipitation ranges from 156 mm (dry mixed grass) to 259 mm (aspen parkland) ( Table 1; Strong 1992) . Representation of the species and hybrids among the different ecoregions is indicated in Table 1 .
Stomatal densities and lengths
Previously unpublished data obtained from leaves harvested in September 1984, provided the foundation of this study. At that time, 20 mature late-formed leaves were collected from long shoots of five ramets from each of 47 genotypes of the 2-yearold trees in the common garden (Rood et al. 1986 ) and airdried. One typical leaf was selected from each genotype for scanning electron microscopy (SEM) and two small pieces were cut from the blade near the leaf tip between the midrib and the leaf margin. The uniform sampling position was selected based on reports of consistent stomatal densities across leaf blades of various poplar genotypes (Ceulemans et al. 1984) . The pieces were mounted on aluminum SEM stubs with adhesive tape, one with the adaxial (upper) side up and the other with the abaxial side up. The leaf surfaces were sputter-coated with a 30-nm layer of gold with a Polaron E5100 Series II sputter-coater (Quorum Technologies, Newhaven, U.K.). Observations were made at 350× magnification with a Hitachi S-500 SEM (Hitachi High-Technologies Corporation, Tokyo, Japan). Images were recorded in five randomly selected fields of view of each leaf surface. In each of these fields of view, stomata were counted, densities were calculated and the length of each of five stomata was determined by measuring the distance between the outside edges of the cuticular ledges which overarched the pore (Pallardy and Kozlowski 1979) . In 2004, stomatal densities and lengths were reassessed in the 21-year-old trees in the common garden in a representative selection of 12 of the genotypes that were also sampled for stomatal conductance. Later-formed mature leaves of long shoots were sampled at 1-2 m height (usually low in the outer canopy) from the south-facing side of the trees from one ramet of each clone. One leaf of those measured for stomatal conductance was selected from each genotype. On each leaf, abaxial and adaxial epidermal impressions were made with clear nail polish and removed with clear adhesive tape. Stomata were counted and measured in digital images of five fields of view of the impression of each leaf surface recorded at 400× magnification. The species sampled were P. deltoides (2 samples), P. × acuminata (2 samples), P. angustifolia (2 samples), P. deltoides × P. balsamifera (1 sample), P. angustifolia × P. balsamifera (1 sample) and P. balsamifera (4 samples).
Stomatal conductance
Stomatal conductances were measured in leaves of the 31 genotypes remaining in the common garden on August 27 and 28, 2004. This was near the end of the growing season and it is likely that stomatal conductances were lower than earlier in the summer (Foster and Smith 1991 , Tyree et al. 1994 , Amlin and Rood 2003 . Measurements were made on clear days between 1100 and 1400 h, with air temperatures of 22-28°C and a relative humidity of 32-41%. For each genotype, abaxial and adaxial stomatal conductance was measured on each of five leaves from one ramet with an LI-1600 steady-state porometer (Li-Cor, Lincoln, NE). Measurements were subsequently converted from cm s -1 to mol m -2 s -1 for presentation in figures and tables.
Statistical analyses
Stomatal sizes and adaxial and abaxial stomatal densities were compared within and among species and hybrids by analyses of variance (ANOVA) and differences among means were tested by the Tukey HSD (honestly significant difference) method, which is a conservative test when sample sizes are unequal, as in this study (JMP 2002) . Associations between stomatal characteristics and longitude and elevation of the source trees were investigated by Pearson product-moment correlation and linear regression analyses. The JMP Version 5 software (SAS Institute, Cary, NC) was used for all tests.
Results
Cuticular wax
Heavy cuticular wax characterized all genotypes but differed in formation among species. Both leaf surfaces of P. deltoides were similar and typically smooth ( Figure 1A ), whereas the lower surfaces of P. angustifolia and P. balsamifera showed cuticular ridges radiating from the stomata ( Figure 1B ; cf. Kozlowski 1980, Blake et al. 1984) . In some genotypes, stomata were sunken in cuticular wax or completely occluded ( Figure 1C ). All genotypes showed prominent cuticular ledges over the stomata ( Figure 1D ). Some leaves had trichomes ( Figure 1B ), but they were sparse and unlikely to have affected gas exchange. 
Stomatal length
The length of the stomatal complex was estimated as a correlate of stomatal aperture. Among the 47 trees measured in 1984 when the trees were 2 years old, stomatal lengths for individual genotypes ranged from 16.5-24.6 µm for adaxial stomata, and 17.5-26.8 µm for abaxial stomata. Both adaxial and abaxial stomatal lengths differed significantly among genotypes within most of the species (11 out of 12 analyses; data not shown). Mean stomatal lengths ranged from 19 to 22 µm and did not differ among species (abaxial df = 5, F = 1.07, P = 0.39; adaxial df = 5, F = 2.45, P = 0.051). In the 12 trees remeasured in 2004 when they were 21 years old, mean stomatal length was 12% greater (P < 0.001) than in leaves collected in 1984 from the same trees.
Stomatal densities and distribution (Q ratio)
In most genotypes, the majority of stomata were abaxial (Table 2); however, consistent with similar studies Kozlowski 1979, Ceulemans et al. 1984) , genotypes differed considerably in stomatal density and stomatal distribution. Abaxial stomatal densities for individual genotypes, determined in 47 genotypes of the 2-year-old trees, ranged from 141 to 414 stomata mm -2 , adaxial densities from 2 to 218 stomata mm -2 , total density (abaxial plus adaxial) from 205 to 454 stomata mm -2 and the Q ratio ((adaxial / abaxial stomatal density)100) varied between 1 and 119. In most cases, genotypes within species differed significantly in all these characteristics (24 of 26 analyses; data not shown).
Stomatal densities in the 21-year-old trees were only 54% of those measured in leaves of the 2-year-old trees, possibly reflecting the effects of differing climatic conditions in the two growing seasons. Otherwise, differences in stomatal densities among genotypes paralleled those seen in younger trees-adaxial and abaxial densities and Q ratios in older trees were positively correlated with those in younger trees (adaxial r 2 = 0.49, P = 0.01; abaxial r 2 = 0.42, P = 0.02; and Q ratio r 2 = 0.83, P < 0.0001).
Total stomatal density was significantly higher in P. angustifolia than in the P. balsamifera × P. angustifolia and P. angustifolia × P. balsamifera hybrids, and in P. × acuminata, but did not differ among the other species (Table 2) . Adaxial stomatal density was lowest in P. balsamifera and hybrids and about 3-fold higher in P. deltoides, whereas abaxial stomatal density was highest in P. balsamifera. Consequently, the Q ratio was small for P. balsamifera and hybrids, comparatively high in P. angustifolia and hybrids and P. deltoides leaves had stomata equally distributed between leaf surfaces. Values for adaxial stomatal density, abaxial stomatal density and Q ratios in the hybrids tended to fall between those of the parents.
Stomatal size-density relationship
Stomatal size and density vary together and define stomatal conductance. In the 2-year-old trees, abaxial stomatal size declined with increasing stomatal density (Figure 2) , whereas adaxial stomatal size was not correlated with stomatal density (r 2 = 0.03, P = 0.29). However, the latter relationship might have been underestimated because it is likely that some adaxial stomata were completely obscured by wax and not counted.
Stomatal conductance
Abaxial and adaxial stomatal conductances were measured in 31 genotypes of the 21-year-old trees grown in the common garden. Single-surface stomatal conductances differed among genotypes within most species (not shown) and among the species (Table 3) in accordance with the differences in stomatal density (Table 2 ). Thus P. balsamifera had the lowest adaxial stomatal conductances and the highest abaxial stomatal conductances, whereas P. deltoides demonstrated the opposite pattern. Differences between leaf surfaces among the species were closely paralleled by differences in conductance ratios (Table 3) , with low conductance ratios for P. balsamifera and hybrids, higher conductance ratios in P. angustifolia and hybrids and P. × acuminata, and a conductance ratio close to unity in P. deltoides. The values of adaxial and abaxial stomatal conductance and the conductance ratio of the hybrids were intermediate between those of the parents. Total stomatal conductance ranged from 0.1 to 0.45 mol m -2 s -1 among individuals and differed among genotypes within most species (not shown) but did not differ among species (df = 5, F = 1.05, P = 0.41; Table 3 ). 214 PEARCE, MILLARD, BRAY AND ROOD TREE PHYSIOLOGY VOLUME 26, 2006 
Stomatal density-conductance relationship
Stomatal densities measured in 12 of the 21-year-old trees were closely and positively correlated with measured stomatal conductances (Figure 3 ), indicating that differences in stomatal conductance within the population depended mainly on differences in stomatal density. Furthermore, the adaxial:abaxial conductance ratio correlated 1:1 with the Q ratio (r 2 = 0.93, P < 0.0001), indicating that effective stomatal apertures were similar on both leaf surfaces.
Stomatal characteristics and ecoregion of origin
In leaves of the 2-year-old trees, the Q ratio decreased over the 3.8°longitudinal range of the collection sites in an east-towest direction (Figure 4 ) associated with an increase in elevation (Table 1 ) and a change in ecoregion from dry mixed-grass prairie to fescue grass prairie, aspen parkland and montane. This change in Q ratio reflected both adaxial stomatal density decreasing with longitude (r 2 = 0.28, P = 0.0001) and abaxial stomatal density increasing with longitude (r 2 = 0.31, P < 0.0001). Total stomatal density was not significantly correlated with longitude (r 2 = 0.04, P = 0.18). These patterns were confirmed in analyses of stomatal conductances in leaves of the 21-year-old trees (not shown). Stomatal size was not correlated with longitude in either the 21-year-old trees or the 2-year-old trees.
Discussion
Our semi-arid common garden contained trees of several Populus species and hybrids that all originated from riparian zones within a generally semi-arid environment. In all species, stomatal lengths tended to be short (Figure 2 ) and total (adaxial plus abaxial) stomatal densities were high (Table 2) compared with those of similar or other species and hybrids adapted to or growing in more moderate environments (Pallardy and Kozlowski 1979 , Blake et al. 1984 , Ceulemans et al. 1984 , 1995 . Table 3 . Stomatal conductance (abaxial, adaxial and total) in leaves of 21-year-old trees of 31 poplar genotypes within seven species or hybrids collected from riparian locations in southern Alberta and grown in a common garden. Five leaves from one ramet of each genotype were sampled on August 27 and 28, 2004. Within columns, means (± SE) followed by the same letter do not differ at P = 0.05 in Tukey's HSD test.
Species
Clones ( Evidence of comparable adaptation of stomatal density and other leaf traits in response to different environments in populations of single species within single river systems has been found for P. trichocarpa (Dunlap and Stettler 2001) and P. deltoides (Rowland 2001) . Across ecoregions in our study area and among species, however, stomatal length and total stomatal density did not differ and so we conclude that, based on these stomatal parameters, all the study species were similarly adapted.
The adaptive significance of comparatively small and dense stomata for poplars growing in semi-arid conditions is unclear. However, studies of other temperate species or ecotypes in xeric conditions have also shown evidence that smaller stomata and higher stomatal densities are associated with higher stomatal conductances (Abrams 1994) . Poplars are characterized by high stomatal conductances compared with most other plants, with reported values of up to about 1 mol m -2 s -1 (Foster and Smith 1991, Sparks and Black 1999; cf. Hetherington and Woodward 2003) . Such high stomatal conductances are usually associated with low water-use efficiency in poplars and other species (Blake et al.1984, Hetherington and Woodward 2003) , consistent with their classification as phreatophytes and ecological pioneers that grow rapidly on barren sites after floods or other disturbance (Braatne et al. 1992 , Rood et al. 1995 . However, high stomatal conductances might also be adaptive in cooling leaves and might possibly enhance net photosynthesis in warm conditions (Roden and Pearcy 1993) , or be associated with rapid CO 2 uptake in high-altitude ecotypes (Foster and Smith 1991) . The benefits of high stomatal conductance may thus vary considerably among the broad range of environments that poplars naturally inhabit.
The association of high stomatal conductance with small stomata and high stomatal densities suggests that stomatal density rather than stomatal size has the predominant effect on stomatal conductance. Stomatal size varies inversely with stomatal density in poplar and other species (Ceulmans et al. 1984 , Drew and Chapman 1992 , Hetherington and Woodward 2003 and within our study population, abaxial stomatal size declined with increasing stomatal density (Figure 2) . Stomatal densities varied about 3-fold, whereas stomatal length changed only about 50%, which also suggests that differences in stomatal conductance (a function of stomatal density and pore aperture; cf. Franks and Farquhar 2001) depend largely on differences in stomatal density (provided that the effective stomatal pore aperture is closely related to stomatal size in all genotypes). This was the case, at least under the conditions of our measurements (Figure 3 ). Other researchers have also shown a close correlation between stomatal density and stomatal conductance in poplar (Blake et al. 1984 , Reich 1984 , Ceulemans et al. 1988 , Drew and Chapman 1992 .
Several studies have suggested a role for regulation of stomatal aperture in acclimation and adaptation to water stress and temperature. For example, small stomata may respond more quickly to declining water potential than large stomata (Aasamaa et al. 2001) ; P. trichocarpa genotypes from a more xeric environment have more sensitive stomatal control than those from more mesic conditions (Sparks and Black 1999) ; and stomata of P. trichocarpa from some wet Pacific Northwest environments are particularly unresponsive to water stress (Bassman and Zwier 1991) . Although we did not compare stomatal responses of the genotypes under differing conditions, the correlations between stomatal conductance and stomatal density (Figure 3 ) indicated that there was little difference in stomatal regulation among the genotypes. This conclusion, though, is based on stomatal conductance measurements limited to just one time on one day. More extensive investigation is necessary to evaluate possible diurnal and seasonal differences and to assess sensitivity of stomatal control in response to water stress.
The comparatively high stomatal densities and small stomata of our study trees growing in a common garden may not accurately reflect stomatal sizes and densities occurring in these genotypes in their native ecoregions. Instead, they may also include also the effects of acclimation to the common garden. It is well established that stomatal density and stomatal function can be influenced by environmental conditions during leaf development. Thus high stomatal densities and small stomata have been associated with acclimation of poplars and other species to drought or more xeric conditions or in response to high irradiance, as a result of reduced epidermal cell size (Larsen 1961 , Dunlap and Stettler 2001 , Thomas et al. 2003 . The common garden was located at Lethbridge, Alberta, in the warm and dry mixed-grass ecoregion on an upland site with no accessible saturated water table, which would have imposed greater drought stress than that to which these riparian trees would normally be exposed. Among the taxa, P. deltoides is naturally best adapted to dry conditions, whereas the other poplars were imported from wetter and cooler western regions and likely responded with increased stomatal density and reduced stomatal size. Compared with the 1984 measurements, we observed lower stomatal densities and increased stomatal lengths in the common garden when measurements were repeated in 2004, possibly reflecting acclimation to the abnormally wet and cool conditions of that summer. Notwithstanding the high stomatal conductances of our study trees, there is ample evidence of variation among poplars in various leaf surface characteristics related to water conservation (Blake et al. 1984) . For example, we found that all species had abundant cuticular wax and sometimes occluded stomata (Figure 1) , which would reduce transpiration and thus limit water loss-an adaptive benefit for riparian poplars in drought conditions during years with low stream flows and higher temperatures . Similar features have been noted in other Populus hybrids (Pallardy and Kozlowski 1980 , Blake et al. 1984 , Reich 1984 and have been associated with leaf development in more xeric conditions and increased water-use efficiency.
Although total stomatal densities were relatively constant among our study species, species differed particularly in adaxial stomatal density and consequently in adaxial:abaxial ratio, represented by the Q ratio and reflected in the conductance ratio (Tables 2 and 3) . Populus deltoides had stomata equally distributed between leaf surfaces; P. balsamifera (and P. trichocarpa) had predominately abaxial stomata; and P. angustifolia and hybrids had intermediate Q ratios and conductance ratios. These stomatal distributions are consistent with other observations on P. trichocarpa (Ceulemans et al. 1984 , 1987 , Dunlap and Stettler 2001 and P. deltoides (Pallardy and Kozlowski 1981) and hybrids (Pallardy and Kozlowski 1979 , Ceulemans et al. 1987 , 1988 , 1995 . Such differences in stomatal distribution are associated with differences in leaf symmetry. Leaves of P. balsamifera and P. trichocarpa are dorsiventral, whereas those of P. deltoides are isobilateral (Hinckley et al. 1989 , Ceulemans and Isebrands 1996 , van Volkenburgh and Taylor 1996 . These differences are part of a suite of leaf anatomical and morphological properties associated with environmental adaptation to irradiance and water stress, possibly related to light-and CO 2 -processing (Parkhurst 1978, Mott et al. 1982 , Smith et al. 1997 , 1998 . Such an interpretation is also consistent with adaptation of the species to the climatic conditions that define their overall distributions (Farrar 1995) and to the conditions in the ecoregions of origin in this study (Table 1 )-leading to the observed association of ecoregion with Q ratio or conductance ratio (Figure 4) .
The Q ratio and other stomatal characteristics are strongly heritable traits Kozlowski 1979, Ceulemans et al. 1988 ) and they varied considerably among the genotypes in our study, consistent with the many observations of large genetic variance for traits within and among poplar populations (Farmer 1996) . The potential for selection of such stomatal traits in natural populations of Populus has been noted before Stettler 2001, Rowland 2001 ). Drought-adapted poplar genotypes of either pure species or hybrids with unusual combinations of drought-adaptive traits, could prove particularly valuable in the locally drier conditions predicted to accompany global warming (Rood et al. 2005) , for reforestation of depleted riparian zones, with concurrent benefits for wildlife habitat, stream bank stability and water quality or in afforestation projects for fibre production and to sequester carbon dioxide.
